Splendid theoretical as well as practical work has been done by German scientists on seasonal absorption of nutrient salts from the soil by forest trees, both coniferous and dicotyledonous. As a result, the German foresters have found it desirable to increase the efficienicy of the utilization of soil nitrate over the entire season, by employing the mixed type of forest planting, instead of planting pure stands of a single species of timber tree. Different species of forest trees have very different periods of nitrate absorption, ranging from the "early season" nitrate absorbers (the pines, etc.) to the "late fall" absorbers (the horse-chestnut, and others) (32).
Introduction
Splendid theoretical as well as practical work has been done by German scientists on seasonal absorption of nutrient salts from the soil by forest trees, both coniferous and dicotyledonous. As a result, the German foresters have found it desirable to increase the efficienicy of the utilization of soil nitrate over the entire season, by employing the mixed type of forest planting, instead of planting pure stands of a single species of timber tree. Different species of forest trees have very different periods of nitrate absorption, ranging from the "early season" nitrate absorbers (the pines, etc.) to the "late fall" absorbers (the horse-chestnut, and others) (32) .
No similar seasonal absorption studies have been made for any of our deciduous fruit trees. The practical importance of such studies in relation to commercial fertilization of orchard trees is obvious. The theoretical importance to a final understanding of fruit-tree physiology is perhaps of still greater importanice. There is reason to believe that fruit trees obtaining a moderate supply of a given element early in the growing season, but severely starved for that element later in the season, will behave very differently from trees continuously starved, or from trees "fed" only late in the growing season or during the entire season. Seasonal absorption is partly inherent; that is, it is a characteristic of the variety, and partly subject to alterations in the soil solution and to other enivironmnental changes.
Historical resume The course of nutrient absorption throughout the growing season by most of our field-crop plants has been well known for some time. Thorough studies were made on absorption by forage crops, grain crops, and root crops by such Germain workers as WOLFF (56) , KNOP (17) , SACHS (41) , LIEBSCHER (21) , and others. Yet at the present time, apparently no work has been published on the seasonal absorption in fruit trees. Certainly no such work with trees grown in water culture has previously appeared; yet chemical analyses of particular parts of orchard trees, taken at various seasons of the year, are plentiful enough. The seasonal nutrition of forest trees is comparatively well understood, thanks to the rather recent efforts of the German foresters, KUTBLER (20) , BAUER (32) , RAMANN (32) , GOSSNER (35), StCHTING (44) , JOHN, DEINES, WEIDELT, and MARSHARD; and of COMBES (8) in France. From RAMANN, who has done most of the chemical work on trees at Munich, comes the following interesting statement: "Die Erkenutnis dass die Nahrstoffaufnahme der Baumarten zeitlich verschieden ist, halte ich fur sichergestellt."
It may be well to state here, that while no seasonal absorption studies in fruit trees have been made previously, yet general nutrition studies in citrus have been made. by REED and HAAS (36) , and in apple, plum, and small fruits by WALLACE (49) and MANN (23) .
Since the present experiment deals entirely with water-culture work, it will be profitable to take a brief backward glance over the history of waterculture work with trees, and with field-crop plants. Curiously enough, although so little work has been done with trees growing in solutions, yet water-culture wbrk with plants really began with the growing of trees in water! DUHAMEL DU MONCEAU (10) in his early work "Physique des Arbres" (part 2), describes the growth of almond, oak, and chestnut trees in the water of an open fountain in a garden in France, in 1758. The fountain water was from a filtered supply from the River Seine. His oak tree, growing from an acorn accidentally dropped into the fountain, grew for some eight years, with no other mineral nourishment than that supplied by the fountain. At the end of eight years the "tree" was 18 inches high. His almond tree grew well for four years in the same fountain. The chestnut tree apparently grew as well in water as in soil, and was planted in garden soil after two years in the fountain. DUHAMEL was convinced that only water was needed for plant growth; he did not know that his fountain of river-water carried dissolved salts. It is well to note here, that ARIS-TOTLE also held the idea (perhaps gathered from similar, but unrecorded observations) that water was transformed by living organisms into body tissues. Long afterward, VAN HELMONT thought that his famous willow tree took only water from the soil. DUHAMEL 's experiments and his conclusions widely influenced the thought on plant nutrition at the time, and up until 1804, when DE SAUSSURE finally corrected the errors of DUHAMEL's work by growing plants in distilled water with and without added salts. DE SAUSSURE also used single-salt solutions, and demonstrated the differential absorption of salts by plants.
recorded differences in the ash content of various organs after such starvation treatments. He was able to produce characteristic symptoms of phosphorus, magnesium, or potassium starvation, etc., during the first season in which the particular element was withheld from the solution.
WALLACE also studied the combined effects of summer pruning in young trees with starvation for the various elements. However, he made no studies of seasonal absorption by any of his plants or trees.
ROBERTS (39) grew dwarf apple trees in sand cultures with high and low nitrogen, short and long-day conditions, etc., and concluded that the type of growth of a tree is a response to the balance of carbohydrate-nitrogen content, rather than to absolute amounts of these materials present in the tree. Also, trees growing in a high nitrogen culture were capable of storing enough nitrogen in one year to make a normal growth the following year when placed in a nitrogen-free culture.
As to the speed with which deciduous fruit trees can absorb particular ions, transport them to the leaves, and utilize them in synthesis in the leaf or elsewhere, KNOWLTON'S (18) work is interesting. He used the "halftree" nitrogen fertilization method, with bearing apple trees, applying nitrate of soda to the ground under only one side of the tree as the fruit bucs were just swelling in spring. Twelve days elapsed before an increase in total nitrogen was noticeable in the fruit buds on the nitrated portion of the tree. Later in the season, quicker response to nitrogen is expected. THOMAS (46) found that a nitrate application to soil on June 6 raised total nitrogen in one-year twigs within one week from the date of fertilization. Foliage color, of course, deepens at about the same rate in response to added nitrate nitrogen.
Seasonal absorption studies with forest trees It will be interesting to review briefly the knowledge of seasonal absorption in forest trees. First of all, it may be noted that the ash content of both conifers and dicotyledonous trees varies with the elevation at which the trees are grown, and with the composition of the soil in which they grow. The ash content (in percentage of dry weight) and size of leaves (or needles) decrease very markedly with increased elevation (GRANDEAU 12). However, the course of seasonal absorption may not be particularly diferent, except at very high altitudes, where a short growing season checks full plant development. BAUER (5) found that apparently every species of forest tree has a different course of mineral-salt absorption throughout the year, as well as a different curve for dry-weight increase throughout the season. Frequently absorption and dry-weight increase follow closely along the same path, but this is not always the case, and probably never is there perfect correlation and phosphorus curves may be very different. The fir tree absorbed its nitrogen before June 1 each year, in most cases, with no nlitrogen absorption from June 1 to September 15. The horse-chestnut took in its nitrogen from June 1 to November 1, continuing a rapid absorption very late in the fall. Larch trees took in almost no nitrogen in June, but were absorbing potassium, calcium, nagnesium, and phosphorus at that time. The maximum absorption rate for nitrogen in the ash tree fell in June; for the beech tree, in August. COMBES (8) reported the maximum absorption of nitrogen in the beech tree in July and in October, althouglh he made nio observations in August. According to COMBES, at the time of leaf fall there was a tremendous increase (50 per cent.) in the total nitrogen of the beech tree, not all of the increase being accounted for by the backward movement of nitrogen from the leaves.
Taking the ash tree as somewhat typical of the behavior of dicotyledonous trees, we find that in two-year-old trees (BAUER 4) , at the start of the experiment on February 27, the dry weight of the entire root systenii w-as equal to 2.2 times the weight of the stems. But by November of the same year (after a season's growtth in forest soil) the weight of the stem was almost equal to the weight of the root. As to the absorption of nutrient.s for the entire tree, for the first period (February 27-MIay 21) the dry-weight increase was negligib'e, and absorption of potassium, nitrogen, magnesium, etc., was slow; but the absorption of calcium was rapid, andl actual loss of phosplhorus appears to have occurred. Iron absorption Na.s fairly rapid, but reached its maximum rate in the second period (May 21-July 21), then slowed down in the third period (July 21-Septemiiber 17) , and from September 17 to November 17, severe loss (60 per cent.) of iron occurred from the entire plant. The stem lost in total iron in the first period; also in the last period. It must be admitted that iron analyses may, not have been entirely accurate, owing partly to the small amounts of the element present in tree tissues.
With reference to nitrogen, both roots and stenms lost in absolute total nitrogen in the first period; and the root lost nitrogen again in the second period, in spite of the fact that it had already started gaining in total potassium contenit, of which it lost 60 per cent. of the total initially present, during the first period. In the first period, also, the root of the ash tree lost PLANT PHYSIOLOGY phosphorus fell off to the end of the season. In the last period (September 17-November 17), the period of leaf-fall, the tree lost in total calcium, nitrogen, magnesium, iron, phosphorus, and dry weight; but total potassium remained practically constant. BAUER concluded that potassium must be absorbed rather rapidly right to the end of the season.
StCHTING (44) ET AL., working with beech and other forest trees, showed that during the winter period (September to January) the tree gained in total phosphorus (very markedly), in total nitrogen, and in total calcium, but lost slightly in potassium. SUCHTING also compared absorption curves of trees with those of the potato; in both cases the start was made with a rather large storage organ, and in such plants the early spring absorption was not dominated by potassium absorption, as is the case in rye, etc., where only small amounts of stored food are present at the beginning of the season, in the seed. The contrast is at least interesting, in view of the possible importance of potassium in carbohydrate synthesis in the plant.
KtBLER (20) experimented with two plots of young beech trees, one plot being given complete fertilizer and the other plot left unfertilized. In following the seasonal absorption in these two sets of trees, he found that the absorption -curves were similar in the early periods (up to July), but from July to September the fertilized trees had far more rapid absorption, and increased in dry weight much more than did the unfertilized trees; in the latter, the dry weight production kept constantly behind the increase in total potassium content. Phosphorus and nitrogen absorption were slower than the dry-weight increase. In the case of fertilized trees, during the July-September period, the dry-weight increase was far more rapid than was the absorption of potassium, or any other element. In the same trees during the period September 17-November 17, the total phosphorus decreased greatly. Yet in the unfertilized trees, phosphorus increased right to the end of the season (November 17).
In the early part of summer, nutrient absorption by these young trees was always far ahead of the dry-weight increase. It is of interest to note that BAUER stated that the root respiration of beech, ash, elm, maple, and larch trees in the period March 15 to May 24 was far ahead of the respiration of the tops in every case, thus explaining the great loss of dry weight the young tree undergoes in early spring, most of the loss being caused by root activity. Forest trees appear to have a higher iron content than most of our fruit trees, the roots especially being surprisingly high in this element. KUIBLER (38) seems to have grown apple trees in water cultures, starvingf the trees for phosphorus, in order to determine which organs of the tree showed the effects of low phosphate most markedly. He found that the young vegetative growing points were not easily affected by phosphate starvation, but that the older leaves and stem parts were most readily brought to low phosphorus content in the ash.
MiiLLER-TIIURGAU (27) , in his work with pear trees grown for four years in low-potassium cultures, found clhlorosis appearing only in the last two years. In his low-nitroaen trees, in the tlhird year only a slight chlorosis appeared; otlherwise apparently no leaf troubles were brought on by the treatments. For the enitire four years, the poorest yield of fruit was in the lot of low-potassiumii pear trees. The highest yield came from highnitrogen trees, followed by higll-calciumii, high-potassium, and low-phosphate trees. Apparently his soil was well supplied with phosphorus. Nutritional conditionls giving high fruit yields did not necessarily seem to give large trunk circumference increases. By the latter measure of gfrowth, low-calcium trees gave the greatest inierease, although the fruit yield of the trees was poor. In the fourth year of starvation, the low-potassium trees yielded only one-thirtieth as much as the high-potassium trees.
STEGLICH (43) made aslh analyses of entire trees, fruit and all, of apple, pear, plum, and cherry. The series of researches, of which STEG-LICH 's work wi-as a part, covered a period of 13 years. STEGLICH stated that the yearly nutritional needs for the total grrowth of one "average" fruit tree in moderate bearingr, and 25 cm. in eircumiiference were as tabulated on page 10. Similar studies were made at a later date by VAN SLYKE, TAYLOR, and ANDREWS (47) . STEGLICHi (9) compiled average ash analyses of fruit trees from all over Germany. Of apple, plum, cherry, and pear, the plum leaves ran far higher in nitrogen, phosphorus, and potassium on percentage dry weight than did leaves of the other species.
WAGNER (52) reported on 20 years' work in fertilization of trees grown potassium, magnesium, calcium, and phosphorus respectively, over the rather long period of three years. In his last experiment (1929) he used eighty apple trees on Malling Type Ten standard vegetatively propagated stocks, with twenty trees in each starvation group. Part of his trees were summer-pruned. The leaves and prunings were collected in July, analyzed each year, and the entire trees analyzed at the conclusion of the three-year experiment.
It is well to note that WALLACE'S complete culture solution added to the sand was high in K/N ratio, but was otherwise much like the usual type of field-crop culture solution. So little is known of the needs of trees in the way of mineral nutrition that no particular culture solution has ever been worked out for tree cultures. WALLACE reported that growth of the check trees was satisfactory, except for brown spots on the leaves caused by excessively high potassium concentration in the culture. The Root growth in WVALLACE'S minuLs-calcium trees was again reported as being very good. Previously he had reported that low-potassium, lowmagnesium, and low-phosphorus trees all produced very poor root systems, more or less injured and blackened. These trees (Cox's Orange Pippin) were also grown in sand cultures. WALLACE believed that his low-potassium tree root systems were too small to absorb water enouah for the needs of the top, and that leaf scorch resulted as a consequence.
In his latest work, WA"ALLACE (49) has shown how difficult it is to reduce the potassium, magnesium, or calcium content of leaf or bark tissue in trees by starving them for these particular elements. After three years in a minus-potassium culture, leaves of the trees concerned had an ash containing 10 In the summer-pruned series, stems and petioles (prunings of July 7 of th,ird year of starvation) showed for the minus-calcium series CaO equal to 94 per cent. of the normal CaO content; the minus-potassium series showed 55 per cent. of normal MgO conitent.
Concerning the interrelated effects of elemental starvation, minuspotassium tissue was usually high in phosphorus. Calcium starvation did not appreciably raise the potassium conitent. The potassium content of the complete-culture trees was so high in this case that probably no treatment could have raised it materially without death to the tree. Unfortunately, WNVALLACE does not include the nitrogen content of his trees in the analyses recorded. As to the total ash content of starved tissue, only magnesium starvation raised the percentage of ash (on a dry-weight basis) in leaves, bark, and wood above the normal content. Potassium or calcium starvationl resulted in a lower ash content throughout the tree. Also, the absolute percentage of aslh seemed to fluctuate from year to year, within time various groups, just as it does in grain crops, ete.
There are certain tllings in WALLACE 'S work that will bear questioning. each season, iron was added to each jar frequently, the salts used beingr both ferric chloride and ferric tartrate. In addition, HOAGLAND'S A-Z mixture was used, the mixture introducing nine other cations and three other anions to the stock solution.
HOPKINS (13) recently found that increasing the amount of citrate in the solution depressed the iron-ion concentration, and that the growth curve of the green alga, Chlor-ella, closely followed the changing concentration of iron ion in the surrounding medium. Within limits, the higher the iron-ion concentration, the greater was the growth of the alga. HOPKINS apparently holds the view that only iron ion is absorbed by plants; more soluble iron would not be available to the plant, unless in the ionized state.
The group of trees intended for starvation included 85 one-year-old prune trees, from which number five were immediately taken out for ash analysis, to serve as a check on the initial condition of the trees, with special reference to the storage of mineral elements and nitrogen. The remaining trees were all set up in the greenhouse, ten trees in each of the groups, as shown in wa.s added to these cultures for a period of about six weeks, after which they were returned to a minus-calcium solution. The roots of French prune (Myrobalan stock) refused to grow in water culture unless at least a trace of calcium was present in solution. The same situation was found in the case of apple roots (crab stocks), pear roots (French stocks), and peach or almond seedling root stocks. The latter two species were particularly sensitive to a lack of calcium in solution. These facts may appear contradictory to WALLACE'S findings for apple roots, but the explanation regarding the sand cultures used by WALLACE has been mentioned. Figure 1 shows the comparative fresh-weight increase, shoot-length growth, and diameter increase of one-year-old French prune trees during the season of 1929; and figure 2 gives the fresh-weight increase, shootlength growth, and diameter increase of two-year-old trees during the second year of treatment. The minus-potassium trees grew moderately well the first year. The second year both shoot and root growth were much reduced, although many white roots were still produced. Potassium-starved roots were in far better condition throughout the two years than were the calcium-starved roots. Leaf scorch and chlorosis appeared in the late summer of the first year, and severe scorch again early in the second summer. During the second season, liberal supplies of iron prevented all but a trace of chlorosis, but did nlot prevent leaf scorch. It seems that leaves can be kept green, if plants are either in a high-potassium + low-iron solution, or in a low-potassium + highiron solution. However, after three years of severe potassium starvation, the trees were chlorotic in spite of an abundant iron supply (both injection and solution supply). The diameter growth of the trunks of the minuspotassium trees was greatly checked as the growth tables show (table III) . Mfinus-potassium + sodium trees showed conditions similar to the preceding in every respect. The presence of sodium did not have any effect in preventing leaf scorch or chlorosis.
MEVIUS'S (
WIESSMANN (54), working on barley plants, found that -K + low N plants matured grain and were nearly normal, while -K+high N plants never formed any heads, and produced only two-thirds as great a dry weight as the -K +low N plants. Absolute potassium starvation, then, nust be studied in the light of relationships with nitrogen supply levels, and probably with other elements as well.
JAMES (15) has reported on work concerning the physiological role of potassium in annual plants. He showed that the amount of starch formed per unit leaf area increased with an increase in potassium content. Potassium itself tended to decrease leaf size (unlike calcium), but potassium chloride increased leaf size, the chlorides having the power to increase water content and size of leaves. The apparent role of KCI, in increasing translocation of carbohydrates from the leaves, may possibly be explained on the same basis; i.e., the greater water supply circulating to and from the leaves, caused by the presence of chlorides. Potassium sulphate did not appear to inerease translocation of carbohydrates from the leaves.
Trees starved for nitrate showed the usual symptoms of low-nitrogenl orchard trees: most severely stunted twig growth, pale yellow-green leaves, a reddish brown bark, and a thin, long, stringy type of root system. The roots continued ill active growth throughout most of the entire two years, but terminal top growth lasted only a few days.
The magnesium-starved trees produced very good root growth throughout the two years. The shoot growth was fair the first year, but greatly stunted during the second year, when virtually complete defoliation occurred before July 1 (beginning in May). Severe marginal browning of the leaves, gradually extending back to the midrib, ocecurred early in both summers. The symptoms of low-magnesium leaf injury are very typical, the injured portions assuming, a dark chocolate color, preceded by olivegreen colored areas, water-soaked in appearance. Only a trace of lowmagnesium chlorosis appeared the second year, wlhen the iron supply-was kept at a high level.
The low-phosphate trees at first made splendlid root gyrowth, but later growth was greatly reduced, and very little new root growtlh was produced during the second year. All roots in the cultures of low phosphate showed darkened tips. Fair shoot growth was made by these trees but was not comparable with normal tree growth; defoliation was exceptionally early in both summers, the earliest of any of the starvation series. Il the second summer the leaves were about one-half normal size, andl all of them bronzed or turned yellow and abscissed in June. The trees muade no more new growth after this defoliation. LowN-magnesium trees, oni the other lhand, continually opened up new buds, making feeble shoot grrowth, only to lhave that in turn wither and defoliate.
BUTKEWITSCH (7) found that low-phosphate oat plants grew better at pH 5.5 than they did at pH 8.0. The minus-phosphate solution used in the present experiment had a pH of 6.0-6.6. He also niotes that low-potassium plants grew better at pH 8.0. quite the opposite situation to that of lowphosphate cultures.
As regards the bronzing (or purpling) of leaves or planits grown in lowphosphate solution, it is suaggested that the unusual color development maybe the ilndirect effect of the inereased solubility and total supply of iron in the leaf and other active tissues of low-phosphate plants. Soluble-iron compounds are capable of reactingy with pheniolic, or tanniin-like substances, to give various color developments,-brown, purple, red, etc.
The sulphur-starved trees showed excellent root o'rowth in both years. and fair to good shoot growth. Very little premature defoliation occurred in this series, although both brown leaf spots and a pale, light yellow, nonveined chlorosis appeared in both years. Altlhough this sulphur-induced chlorosis is very different in appearance from that produced by low potassium, or by lo'v mag,nesium, yet in all tlhree cases the development of the typical chlorosis is greatly postponed by higih iron supply.
A type of little-leaf can be produced by sulphur starvation treatmient, especially if iron is at the same timiie not above normal. BURGERSTEIN-aIid MIOLLER noted that very small, pale colored needles were produced on young( pine trees grown in minus-sulphur culltures. The small leaves produced by low-sulphur French prune trees were usually irregllar anld lobeshaped as well as diminuLtive in size.
The complete-solution trees made good root and shoot growth in both years, and carried well colored foliage. How-ever, the total terminal anid diameter growth was not equal to that produced by well-cared-for orchard trees of the same age in fertile soil in California.
SEASONAL ABSORPTION OF NITRATE AND POTASSIUM During 1929, from May to November, the nitrate absorption of trees of the complete-solution series, as well as those of the various starved groups, was followed, samples being taken from the culture solution every two weeks for nitrate analysis, and for conductivity readings. Nitrate concentration was determined colorimetrically by the phenoldisulphonic acid method. At nitrate levels of 200-300 p.p.m., the error of the method is about 5 per cent., but at low levels of nitrate the error is often more than 10 per cent. The initial level of nitrate in the solutions worked with was 700 p.p.m., and analyses showing levels as low as 5 p.p.m. were regarded as equal to zero, the solution being discarded after checking with diphenylamine and phenoldisulphonic acid. Conductivity measurements were regarded as indicating approximately the course of total salt absorption throughout the season, although it is true that nitrate absorption is revealed by the method, almost to the total exclusion of phosphate absorption, etc., and that base exchange and bicarbonate exchange all make conductivity measurements of absorption only approximate. As has been stated, daily temperature was recorded in the greenhouse throughout both summers (1929 and 1930) . A fair correlation between temperature and nitrate absorption ( fig. 3) seems to exist. A period of unusually high temperature (with eight consecutive days above 900 F.) and low humidity came at the end of June of the first summer, and the maximum rate of nitrate absorption for the season occurred in this same period. Aside from high temperature, the intensity of sunlight probably reached a maximum at this period also, although no records were kept of it. Top and root growth was fairly active in this period also. and trunk-diameter growth were proceeding rather rapidly, but terminal growth had stopped long before. The second peak in nitrate absorption for the season fell in this period, but was quickly followed by an abrupt decline, as the roots soon went into winter dormancy. Then very slow root growth, or none at all in some cases, was made up to the last days of January, 1930, when vigorous new white feeding roots again appeared, long before the buds started to swell. The trees were placed outdoors in winter.
Between the two peaks of the nitrate absorption curve lay a brief period of very slow absorption, accompaniied by low air temperature, followed by a long period characterized by a very uniform rate of nitrate absorption. Long continued periods with temperatures (daytime) below 850 F., probably accompanied by cloudy weather, seemed to be very unfavorable for nitrate absorption in case of the French prune trees. However, very slow nitrate absorption did take place in most of these trees through December, when no temperature data went above 80°F.
The absorption curve presented for 1929 began about June 1. Considerable nitrate absorption occurred in these trees in May, and less in April, as shown by the curve for the same trees for the season of 1930, but the nitrate intake in May was usually below the peak reached in late June. The conductivity curves showed a maximum rate of total absorption in the period July 10-July 30, slightly later than the peak in nitrate absorption.
SEASONAL NITRATE ABSORPTION BY TWO-YEAR-OLD FRENCH PRUNE TREES IN 1930
The nitrate absorption of these same trees during their second year of growth in culture solutions was followed, from March 20 to December 1 (table V) . Potassium absorption was also followed with the same trees during 1930 (fig. 4) . Again it was found that there was a high correlation between daily (noon) temperature in the greenhouse and rate of absorption of both nitrate and potassium. The only marked exception to the correlation came about May 1, midway in the period of rapid terminal shoot growth. At this point nitrate and potassium absorption was rapid, in spite of rather low average temperatures. Rapid terminal slhoot growth seemed to be an important factor in the rate of nitrate and potassiuin absorptioni in these trees. During most of the season, however, temperature appeared to play a dominant role. summer.
NITRATE AND
The rate of potassium absorption, it may be noted, usually lags slightly behind that of nitrate absorption, although the rate falls off more abruptly at the end of the season (November 1). Actual exosmosis of K from the root back to the culture solution takes place at that time. The final drop in the nitrate and potassium absorption curves was correlated closely with leaf fall.
Although regular temperature records were kept only of the air temperature of the greenhouse, some readings taken of the temperature of the culture solution in the jars indicated that the temperature of the solution was being held rather uniformly at low levels, below 600 F., even when the air temperature at mid-day reached 900 F. The jars were well packed in damp moss and were of sufficient capacity to resist marked temperature changes. Any changes of temperature that did occur in the solution of course followed the same trend as that of the air temperature.
Many investigators, dealing with annual plants, have studied the effects of temperature, light, and humidity on the rates of salt absorption. Usually the conclusion has been drawn, from short duration experiments, that humidity and transpiration have no effect on salt absorption other than to increase the percentage of silica or chlorine in the ash of the plants exposed to high transpiration. Some exceptions to this view have been reported. Regarding the effects of light intensity, WIESSMANN (55) reports for rye, barley, and whleat grown in sunlight and in shade, that the former showed the higher total absorption of nitrogen, phosphorus, and potassium. The work of SEIDEN (42) is interesting. Maximum total salt absorption by his plants occurred in the afternoon of each day, at the time of greatest light intensity and highest temperature. Also the percentage of total ash on dry-weight basis increased with rise in temperature of the environment in whiclh the plants were grown. The color of the light to which the planits were exposed also affected the ash content.
Recently PETRIE (30) although the total fresh-weight increase of the -S trees was equal to 85 per cent. of that made by the check trees. In short, the -S trees grew unusually fine root systems, but top growth was not proportionally as good as root growth.
The absence of PO, did not diminish weight increase nearly as greatly as did magnesium starvation. The foliage of the -P trees during the first year (1929) was badly injured. The least gain in fresh weight occurred in the -Ca group of trees. The -NO3 trees, in spite of very poor terminal growth, make proportionately very good weight increases, although both gains are small compared with the gains of complete-solution trees.
A group of French prune trees one year older than the preceding series was completely starved for two years, growing in distilled water; another group was grown in complete solution; a third group was grown in pure water the first year, and placed in complete solution the second year. Completely starved trees showed at the end of two years actual loss in trunk diameter, although considerable shoot growth had been made from reserves in the trees and the average fresh-weight increase per tree for the two years was about 160 gm., the initial fresh weight of the trees being on the average 164 gm.
Trees starved completely for one year, and then transplanted to complete solutions the second year, showed that terminal growth and total weight increase are made somewhat at the expense of diameter increase, which still lags notably behind for a year or so, until the tree has caught up with its salt absorption.
Also in the block of older French prune trees, to which reference has been made, was a group of trees starved for potassium over a two-year period. On April 12 of the third year of starvation, some of these trees were transferred to a +K solution, and developed excellent shoot growth and fine leaf color in about two weeks' time. Only a trace of the former chlorosis remained near the midrib portions of the leaf blade. The leaf color had markedly improved 5 days after the potassium was added to the solution. Dater in the summer, the tip leaves of the young shoots of these same trees showed excessive reddening, then browning or burning and drying up. The shoot tip itself died back 6-8 inches.
Other French prune trees, also previously starved for potassium for two years, and then placed in complete-solution cultures on May 15, or on June 25 of the third year, showed no shoot growth response whatever to the added potassium. Leaf color did change in about ten to twelve days, and the live parts of badly scorched, chlorotic leaves turned green except for small areas bordering on the scorched margins of the leaf blades.
The roots of all of these trees responded quickly to added potassium, making abundant root growth. Yet it appears impossible to stimulate shoot growth in these trees by adding potassium after about May 1.
PLANT PHYSIOLOG Y solution, throughout most of the season. The low-calcium trees, after calcium starvation became severe (these trees were fed calcium during the early summer to start root growth), appeared to lose an amount of nutrient salts nearly equal to the total previously absorbed in the same season. As mentioned, however, nitrate (perhaps already assimilated) was not the ion lost back to the solution in this period of exosmotic migration. Presumably sulphates, chlorides, phosphates, and bicarbonates were excreted or diffused back into the solution from dying rootlets. There seems to be no doubt that fruit tree roots starved for calcium made very poor nutrient absorbing systems. Apparently their usual properties of semipermeability are lost in such circumstances, and browning and rotting of the young root tips soon follow the change in permeability. On the other hand, it has been found that a solution of calcium hydrate alone, at pH 7.2-7.4, provides a very good medium for healthy root growth by fruit trees. As WOLFF showed long ago, young forest trees can be grown for long periods in calcium chloride solutions alone. HEILBRUNN'S work on calcium and membrane "healing," permeability, protoplasmic vacuolation and streaming in amoeba, etc., is all pertinent to the problem, as is also FARR'S (11) recent work. FARR has shown that for root-hair growth by such plants as the collard, Brassica oleracea, only calcium need be present in the external bathing solution. Calcium hydrate solution at pH 10 gave the fastest root-hair growth of any calcium salt used; and the maximum rate of root growth occurred at pH 8.0-8.5 in short-period experiments.
In the present work it has been found that it is entirely possible to transfer fruit trees in mid-season, from complete solution to simple Ca(OH)2 solution of pH 7.2 or vice versa, without any apparent injury to the young white roots, or to older roots, and without any exosmosis of chlorides taking place. Outward diffusion of the latter usually occurs i! the permeability of the tissues containing chlorides is appreciably altered from the normal. Such mid-season transfers as have been described make possible a new type of seasonal absorption work; the trees may be grown in complete solution for one, two, or three months, and then completely starved except for calcium during the rest of the year. Growth observations on such trees should show how dependent (or independent) shoot growth is on recently absorbed nutrient salts. Summary 1. A review of the literature of water-culture studies with trees is presented, extending from the time of DUHAMEL DU MONCEAU in 1755 down to the present date.
2. The course of seasonal nitrate absorption, and of elemental starvation, was studied in young one and two-year-old French prune trees, as grown in water cultures in the greenhouse. 6. There is a high correlation between temperature (probably light intensity also) anid the rate of nitrate and potassium absorption by these trees.
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